Abstract-In this contribution, adaptive rate transmissions are investigated in the context of direct-sequence code-division multiple-access (DS-CDMA) systems using variable spreading factors (VSFs). In the context of the recently established family of adaptive rate-transmission schemes, the transmission rate is typically adapted in response to the channel's fading-induced quality fluctuation. By contrast, in this contribution the transmission rate is adapted in response to the multiuser interference fluctuations encountered. We present the philosophy of the proposed adaptive rate-transmission scheme and analyze the effective throughput as well as the achievable bit error rate (BER) performance, when communicating over additive white Gaussian noise channels. Our study shows that by employing the proposed VSF-assisted adaptive rate-transmission scheme, the effective throughput may be increased by up to 40%, when compared to that of DS-CDMA systems using constant spreading factors. This increased throughput is achieved without wasting power, without imposing extra interference upon other users, and without increasing the BER.
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I. INTRODUCTION
D
IRECT-SEQUENCE code-division multiple access (DS-CDMA) is the prevalent technique in the third-generation (3G) wireless communications systems [1] , [2] , because it is capable of providing numerous advantages as compared to the other solutions. The capacity of DS-CDMA systems is limited by both the time-varying characteristics of the wireless channel and the multiple-access interference (MAI) or multiuser interference (MUI). The family of efficient techniques designed for compensating for the time-varying nature of the wireless channels include the popular RAKE receiver [3] , which is contrived for achieving frequency diversity. Alternatively, multiple transmit and/or receiver antennas can be employed for achieving spatial diversity [4] - [6] . The most efficient technique of combating the MAI is multiuser detection (MUD) [7] . The above techniques have attracted worldwide attention in recent years.
Another efficient technique of increasing the capacity of time-varying wireless channels is the employment of adaptive rate transmissions [8] - [12] , in which the transmission rate can be adaptively adjusted according to the instantaneous channel conditions. The main philosophy behind adaptive rate transmissions is the real-time balancing of the link budget through adaptive variation of the symbol rate, modulation constellation size and format, spreading factor, coding rate/scheme, etc., or in fact any combination of these parameters. However, the results of [10] and [13] have shown that when a sufficiently high diversity order is available, regardless of whether this is due to transmitter or receiver diversity achieved in the time or frequency domain, the advantages of adaptive rate transmissions erode. Hence, in the context of the 3G DS-CDMA systems using power control, channel fading can be efficiently mitigated by employing both the RAKE receiver and multiple transmitter/receiver antennas. In order to combat the MUI in DS-CDMA systems, as we have mentioned above, the most efficient approach is to use multiuser detection receivers [7] . The main obstacle of employing DS-CDMA MUD receivers is, however, the high complexity of the multiuser detection algorithms. Therefore, the conventional matched-filter-based receiver remains popular because of its simplicity, despite its suboptimal performance. In this contribution, we consider the problem of how the effective throughput of DS-CDMA systems can be increased when the conventional matched-filter-based receiver is employed. Specifically, we consider the uplink transmission of a single-cell DS-CDMA system, where the number of active mobile users obeys the Poisson distribution [14] and all the signals transmitted by the mobile users are power controlled. Hence, the multiuser interference level can be modeled as a discrete Markov process [14] , which describes the number of active mobile users. In order to exploit the time-varying nature of the multiuser interference level, an adaptive rate-transmission scheme using variable spreading factors (VSFs) [15] , [16] is proposed for increasing the effective throughput. In contrast to the conventional VSF-assisted adaptive rate-transmission scheme, where the transmission rate is adapted in response to the channel-quality fluctuation recorded at the output of the MUD [17] , the transmission rate in the proposed scheme is adapted in response to the time-varying interference level due to the MUI, while maintaining the required target BER value. More explicitly, the mobile users increase their transmission rate when the number of active interfering users decreases, while they decrease their transmission rate in response to an increased number of active interfering users. The number of active interfering users is broadcast to the mobile users by the central base station (BS). In this contribution, the performance of the DS-CDMA systems using the proposed VSF-assisted adaptive rate-transmission scheme is evaluated when communicating over additive white Gaussian noise (AWGN) channels. The reasons for us to consider only AWGN channels are as follows. First, as we have mentioned above, the fading effects encountered in power-controlled DS-CDMA systems can be efficiently mitigated by using RAKE receivers and multiple transmitter/receiver antennas. Second, our aim is to study the effects of the MUI in isolation, without the obfuscating effects of the channel's fading, and then gain insight into the effects of the MUI on the system's effective throughput when the conventional matched filter receiver is considered. Note that our study can be readily extended for considering various fading channels as well as to multicell CDMA systems. Our results show that by employing VSF-assisted adaptive rate transmissions, the effective throughput of a DS-CDMA system may be increased by 40% upon exploiting the Markovian-distributed number of active users in the system. The increased effective throughput is achieved without wasting power and without increasing the bit error rate (BER).
The remainder of this contribution is organized as follows. In the next section, we give a rudimentary overview in the context of DS-CDMA systems and introduce the Markov model describing the number of active users, while providing simulation results. In Section III, we describe the VSF-assisted adaptive rate-transmission scheme. Section IV derives the effective throughput of a DS-CDMA system when the proposed adaptive rate-transmission scheme is employed and provides the corresponding BER expression. Our numerical results are provided in Section V and, finally, in Section VI we present our conclusion.
II. SYSTEM OVERVIEW
We consider a single-cell DS-CDMA system, where a single BS is located at the center of the cell, while the mobile users are uniformly distributed in the area covered by this BS. The BS is capable of simultaneously processing a maximum number of calls, i.e., the maximum number of active users supported by the cell is . We assume that each active user's data is BPSK modulated and is transmitted to the BS asynchronously over AWGN channels. Furthermore, we assume ideal power control, i.e., the received power of each active user is the same at the BS. Based on the above assumptions and assuming furthermore that there are active users (the reference user plus interfering users), then the received signal at the BS can be expressed as [18] (1) where is the AWGN having a two-sided spectral density of represents the power received from each active user, is the spreading code, is the binary data signal, and is the time-delay parameter that accounts for the propagation delay as well as for the lack of synchronism between the transmitters, while is the phase angle due to carrier modulation and channel delay.
According to the analysis of [18] , the bit errors in DS-CDMA systems communicating over AWGN channels are caused by the effect of multiple-access interference and the AWGN. The BER of an asynchronous DS-CDMA system having received signals given by (1) can be closely approximated by [19] (2) where represents the signal-to-noise ratio (SNR) per chip and is the chip duration, while represents the spreading factor (number of chips per bit). In our further discourse, will be controlled as a function of the number of active users and the parameter can be derived from [19] (3) Furthermore, in (2) the Gaussian -function is given by . The number of interfering users can be modeled with the aid of a Markov chain having states [14] . The state-transition diagram modeling the number of users determining the interference level is shown in Fig. 1 , which represents a queueing system [14] . 1 The arrival rate of new calls or users corresponds to the probability of the event that a new interfering user is activated within a unit-length time duration, while the average service time of is the average duration of an active interfering connection. For the queueing system, the probability that there are active interfering users (customers) can be expressed as [14] (4) where the probability of simultaneously supporting users is known as the Erlang B formula [14] , which determines the call blocking probability of the system considered. It is widely recognized that DS-CDMA systems are interference-limited systems and that the systems' BER performance is highly sensitive to the number of interfering users. Fig. 3 shows the achievable BER performance with respect to the number of active users for a DS-CDMA system communicating over AWGN channels when the spreading factors of 8, 16, 24, 40, 56, 80, 112, and 120 are employed. From the results of Fig. 3 , we can infer following observations.
• For a given spreading factor, the BER increases when supporting an increased number of active users.
• For a given number of users, the BER decreases upon increasing the value of the spreading factor. • For a given target BER-for example, for -and for a given number of active users, there exists a spreading factor that results in a specific BER for the DS-CDMA system matching the target BER requirement. A DS-CDMA system using a higher spreading factor is capable of supporting a higher number of active users than that using a lower spreading factor, while maintaining the target BER. Therefore, based on the Markov chain characterized in Fig. 2 and on the BER performance of the DS-CDMA system as a function of the number of active users shown in Fig. 3 , we argue that an appropriate spreading factor can be employed within a specific time slot for maximizing the number of bits transmitted by this specific time slot, while maintaining the required BER performance. Furthermore, when the number of active users dynamically fluctuates, variable spreading factors can be employed by the DS-CDMA system for achieving the maximum throughput, while guaranteeing the required BER performance. In other words, a VSF-assisted adaptive DS-CDMA system is capable of increasing the effective throughput of the system while maintaining a given target BER.
In this section, we have reviewed the behavior of interferencelimited DS-CDMA systems and highlighted the philosophy of an adaptive DS-CDMA system in order to increase the effective throughput of the system when the number of active interfering users is time varying. Let us now investigate the behavior of adaptive VSF-assisted schemes in more detail. 
III. ADAPTIVE-TRANSMISSION SCHEME
The requirements for adaptive rate DS-CDMA systems may be listed-without completeness-as follows.
• The rate adaptation of each active user may be controlled independently, i.e., without cooperation with other active users. Hence, the associated complexity is reasonably low.
• Since DS-CDMA systems are typically interference limited, an adaptive rate-transmission scheme must not impose extra interference on the system. Hence, an attractive adaptive rate DS-CDMA scheme is expected to maintain the interference state, regardless of the active users' transmission rates. In other words, an active user's interference environment is expected to be affected only by the number of active users corresponding to a certain level of MUI, but not by their individual transmission rates. The transmission rate and the achievable quality of service (QoS) of a user have to obey a tradeoff for this particular user, regardless of the other users of the system. • For DS-CDMA systems, where some active users may communicate at constant rates while the remaining active users communicate at a variable rate, the BER and throughput of the active users communicating at constant rates is expected to be unaffected by those communicating using adaptive rate transmissions.
• For adaptive DS-CDMA systems using VSF, the set of legitimate spreading factors must be appropriately designed, so that the effective throughput can be maximized with the aid of readily realizable spreading codes. Below we propose and investigate a specific adaptive ratetransmission scheme that is capable of meeting the above requirements. Let us assume that each user transmits a block of data, as shown in Fig. 4 . As shown in Fig. 4 , the data block is divided into frames, where is assumed to be a random variable distributed over a certain range, potentially extending to . We assume that at the beginning of the th frame there are interfering users, which is the a priori knowledge for determining the required spreading factor, and the corresponding transmission rate during the th frame. Let us assume that each frame consists of a constant number of chips, which is expressed as , i.e., each frame has a constant duration of s. Let us also assume that there are spreading factors having values expressed as , where each is a factor of .
Furthermore, let us assume that the target BER is . Then, the required spreading factor of the th frame and the corresponding number of bits conveyed by the th frame can be determined as follows.
• A specific spreading factor is selected from the set according to (2) , based on the number of interfering users and on the target BER such that the selected spreading factor's value is as low as possible while guaranteeing the required BER performance. We denote the selected spreading factor by .
• Once the spreading factor of the th frame was selected, the corresponding number of bits conveyed by the th frame can be determined as (5) Based on (5) and on our previous arguments, it is readily seen that the maximum or minimum throughput of the th frame is obtained when using the lowest or the highest spreading factor from the set , respectively. Specifically, the maximum throughput of the th frame is given by bits s bits chip , while the minimum throughput is given by bits s bits chip . The proposed adaptive-transmission scheme is capable of meeting the requirements listed at the beginning of this section. Specifically, each user's rate adaptation procedure is independent of that of the other users'. The knowledge required by each mobile user for adjusting his or her transmission rate is the number of actively interfering users at the beginning of each transmitted frame. This knowledge can be broadcast to each mobile user by the BS. Second, since each user's received power is constant when different spreading factors as well as different bit durations are used, the interference level is only a function of the number of active interfering users. However, the SNR per bit expressed as exhibits different values when various spreading factors or date rates are employed. Finally, the communication environment of the mobile users employing constant rate transmissions is not affected by the rate-adaptation operations of the mobile users invoking adaptive rate transmissions. In [9] , Goldsmith and Chua have shown that the highest effective throughput can be achieved by using continuous rate adaptation. Hence, the results of [9] suggest that we should use as many different spreading factors as possible and, simultaneously, have a near-continuous spreading factors value set. Tables I and II show two design examples for the appropriate choice of the spreading factors. In Table I , we assumed that random spreading sequences that have various length were employed and that the frame's length is chips. As shown in Table I , we can obtain 40 different spreading factors and, hence, can support 40 different transmission rates. In the context of Table II , we assumed that orthogonal spreading sequences were employed and that the frame's length is also chips. These orthogonal spreading sequences having variable length were derived based on the fact that there exist Hadamard matrices, provided that , where is a positive integer. 
IV. THROUGHPUT AND BER ANALYSIS
In this section, we analyze the effective throughput as well as the resultant average BER when achieving this effective throughput. The effective throughput is defined as the total number of bits successfully transmitted within a unity-duration time interval by all users supported by the system. Our analysis is based upon the following assumptions. 1) All active users communicate using adaptive rate transmissions based upon the same set of spreading factors, as described in Section III. The transmitted data block length of each active user obeys an independent identical distribution (i.i.d). 2) Assuming that the number of interfering users at the beginning of the th frame is , the probability of increasing or decreasing this number by one within a frame's time duration is given by or , respectively. The probability of increasing or decreasing the number of interfering users within a frame's time duration by more than one is zero. Therefore, the probability that the number of interfering users remains unchanged, i.e., , within a frame's time duration can be expressed as (6) 3) When the number of active interfering users increases by one or decreases by one within the th frame, we assume that this happens at the moment having a time difference of from the beginning of the th frame (see Fig. 4 ), where is assumed to be uniformly distributed over the interval . The effective throughput can be derived as follows. According to our analysis in Sections II and III, we know that the spreading factor as well as the number of bits transmitted during the th frame are determined by the number of active interfering users at the beginning of the th frame, as well as by the target BER to be maintained. The effective throughput can be expressed as (7) where represents the bit duration. Furthermore, in (7) the first term is contributed by the event that there exist no active interfering users. The second term is by the event that there are number of active interfering users, while the last term is contributed by the scenario that there are active interfering users in the system. Since and , (7) can be written as (8) Upon taking the expectation with respect to , considering that and and substituting from (4) into (7), we finally obtain the effective throughput as bits chip (9) In order to derive the average BER, we have to consider the following three events.
Event 1: The number of interfering users during the th frame remains a constant, namely . The probability of this event is given by (6) and the average BER is given by of (2). Event 2: The number of interfering users increases to within the th frame, where the new interfering user commences its transmission s after the beginning of the th frame of the reference user, as shown in Fig. 4 . The probability of this event is for and for . Let , where represents the largest integer not exceeding . Then, can be expressed as , where is a discrete random variable uniformly distributed in the interval , while is the continuous random variable uniformly distributed over . Hence, in the context of this event there exist three types of interference patterns within the th frame. The first interference pattern is encountered in the scenario, that the number of active interfering users associated with the first number of bits of the th frame is . Therefore, the corresponding BER is given by of (2). The second interference pattern corresponds to the scenario that the number of active interfering users associated with the last number of bits of the th frame is and, hence, the corresponding BER is given by of (2). The third interference pattern is characteristic of the scenario that there exists a bit in the th frame, where the leading section of time duration is associated with interfering users, while the remaining time duration is associated with interfering users. Since is uniformly distributed in , the average BER associated with this bit can be approximated as . Consequently, upon considering each of the three above-mentioned interfering patterns, the average BER can be expressed as (10) Event 3: The number of interfering users decreases to within the th frame, where one of the active interfering users terminates his or her transmission s after the beginning of the th frame. The probability of this event is for . The average BER of Event 3 can be analyzed following the same steps as in the context of Event 2, except that is now replaced by . The average BER of Event 3 can be expressed as (11) Finally, by considering the above three possible events, the average BER of the bits in the th frame can be written as shown in (12) at the bottom of the next page.
The overall average BER can be computed by averaging with respect to the distribution of the number of active interfering users , which can be expressed as (13) Note that in (13),
, and are functions of , since the spreading factor assumes different values in response to the time-variant number of active interfering users in the context of the VSF-assisted adaptive rate-transmission scheme.
Above we have derived both the effective throughput formula of a single-cell DS-CDMA system and the resultant BER expression when all the mobile users in the cell transmit using the proposed adaptive rate-transmission scheme. In the following section, we characterize the performance of the DS-CDMA system using VSF-assisted adaptive rate transmissions.
V. NUMERICAL RESULTS AND DISCUSSION
In this section, we provide some performance results in order to demonstrate the advantages of VSF-assisted adaptive DS-CDMA systems. We will also compare the throughput performance of the proposed adaptive rate and that of the conventional constant-rate DS-CDMA transmission scheme. The spreading factors employed for adaptive rate transmissions are shown in Table I . Furthermore, in the context of the DS-CDMA system using constant rate transmissions, we assumed that at any given SNR/chip value the specific spreading factor was used, which was capable of maximizing the effective throughput while guaranteeing the target BER performance for the given distribution of the number of interfering users. Fig. 5 shows the spreading factors required by the DS-CDMA system for achieving the target BER of when supporting a different number of active users ranging from one to 64. The spreading factors were chosen from Table I , each of which guarantee maintaining the target BER for a given number of active users while using the lowest possible spreading factor value. As expected, in order to achieve the required BER, the spreading factor's value has to be increased appropriately, as the number of active users increases. Fig. 6 shows the resultant BER performance against the number of active users for the DS-CDMA system using the specific variable spreading factors of the target BER of and is predominantly distributed within the range of . A substantial advantage of the associated near-constant BER versus the number of active users is that this results in a significantly improved channel-coding performance in comparison to a fixed-spreading factor-assisted scenario, when the BER fluctuates over a wider range. Fig. 7 shows the throughput density as well as the throughput cumulative function achieved by the DS-CDMA system when the number of active users obeyed the distribution of (4) for , when the VSFs used assumed the value shown in Fig. 5 and when the DS-CDMA system achieved the BER performance of Fig. 6 . In Fig. 7, represents the throughput when the number of active users is . As shown in Fig. 7 , a large fraction of the effective throughput achieved is contributed when the system supports about 38 active users, which corresponds to the peak of the probability density function (pdf) characterizing the distribution of the number of active users, according to (4) . In accordance with the throughput density, the throughput cumulative function increases sharply when the number of active users increases from approximately 30 to approximately 50. Above this range, it increases slowly and finally reaches the effective throughput of about 0.58 bits/chip. This is the effective throughput provided by the DS-CDMA system at the SNR/chip value of dB, under the experimental conditions used in Figs. 5 and 6.
In Fig. 8 , we compared the throughput versus SNR/chip performance of the DS-CDMA system using VSF-assisted adaptive transmissions to that of the DS-CDMA system using constant rate transmissions when various call-generation rates and average call durations are considered. The results related to adaptive rate transmissions were computed from (9) based on the spreading factors of Table I conditioned on the target BER of . For the constant rate-transmission scheme, the effective throughput of Fig. 8 recorded at a given SNR/chip value represents the maximum throughput that the DS-CDMA system is capable of achieving. More explicitly, these results were computed as follows. For a given SNR/chip value, we computed the corresponding effective throughput results when all possible spreading factors seen in Table I were considered, while taking into account the given distribution of the number of active users as well as the target BER. Then, the maximum of these throughput values was selected as the achievable effective throughput of the constant transmission scheme. The results of Fig. 8 show that the adaptive rate-transmission scheme significantly outperforms the constant rate-transmission scheme. Specifically, the adaptive rate-transmission scheme is capable of providing an approximately 40% higher effective throughput than the constant rate-transmission scheme. The plausible justification for these results is that when adaptive rate transmission is employed, the system is capable of accommodating the interference level experienced by activating an appropriate spreading factor according to the number of active interfering users at a given SNR/chip value. By contrast, for the constant rate-transmission scheme, only a single spreading factor is employed at a given SNR/chip value, regardless of the number of users supported. Consequently, when the number of active interfering users is low, the BER performance will be better than the target BER and, hence, the effective throughput is correspondingly lower than necessary. However, when the number of active interfering users is excessive, the BER of the received data is higher than the target BER. Hence, the received data may have to be discarded without contributing to the effective throughput.
Finally, in Fig. 9 , we show the resultant BER performance of the DS-CDMA system using both constant rate transmissions and the proposed adaptive rate-transmission scheme when they achieve the effective throughput values shown in Fig. 8 . From the results of Fig. 9 , we observe that for each group of values, the constant rate scheme has a lower BER than the adaptive rate scheme, while the BER of the adaptive rate-transmission scheme is closer to the target BER than that of the constant rate-transmission scheme. The above observation explains why the adaptive rate-transmission scheme is capable of providing a higher effective throughput than the constant rate-transmission scheme. The results of Fig. 9 demonstrate that neither Fig. 9 . BER performance comparison between the constant spreading factor assisted nonadaptive DS-CDMA and the VSF-assisted adaptive DS-CDMA schemes when they achieve the effective throughputs of Fig. 8. the BER of the constant rate nor that of the adaptive rate-transmission scheme fluctuates dramatically. Indeed, they both remain in the BER range of (0.001, 0.01) for various SNR/chip values. The reason for observing a near-constant BER even for the constant rate-transmission scheme is because we deliberately adjusted the data rate in response to the SNR/chip value experienced for the sake of fair comparison, although a practical constant-rate system is incapable of doing so. In contrast, the adaptive rate-transmission scheme was capable of adapting the data rate in response to both the SNR/chip value as well as the number of active interfering user supported at each specific SNR/chip value.
VI. CONCLUSION
In this contribution, we have shown that when the number of active users in a DS-CDMA system is a time-varying random variable and when the conventional matched filter-based receiver is employed, an adaptive rate-transmission scheme using VSFs can be employed for compensating the effects of the time-varying MUI level experienced. The VSF-assisted adaptive rate-transmission scheme is capable of significantly increasing the system's effective throughput. Specifically, our results show that the effective throughput may be increased by up to 40%, when compared to that of DS-CDMA systems using constant spreading factors. This increased throughput is achieved without wasting power, without imposing extra interference upon other users, and without increasing the BER.
Note that the scenario considered in this contribution is a single-cell DS-CDMA system that supports only a single service type. Hence, the work presented in this contribution can be extended by considering multiple-cell DS-CDMA systems that may support a multiplicity of services. For the sake of considering the multiple-cell scenario, each cell can be treated as a Poisson process and adaptive rate transmission is controlled by jointly considering the interference imposed by all active users of the system. Alternatively, adaptive rate transmission can proceed in the same way as described in this contribution, while treating the interference imposed by the adjacent cells as background Gaussian noise. The reason for modeling the interference inflicted by the adjacent cells as Gaussian noise is that the number of interfering users supported by the adjacent cells is relatively high, which results in a reasonable approximation when using the Gaussian interference model.
The extension to the scenario of supporting a multiplicity of services is conceptually straightforward, although the corresponding analysis might be complicated. First, if all services are data based having different data-rate requirements, we have to take into consideration that the interference imposed by a high-rate user is higher than that of a low-rate user. Second, if the services consist of both data and voice, voice users can be treated as constant-rate users, while the data users can use the adaptive rate-transmission regime based on employing VSF. Furthermore, no matter which of the above scenarios is considered, with the aid of adaptive rate transmissions the system's overall throughput can be improved, provided that the number of interfering users or the associated interference level can be modeled as a time-varying variable.
